Background {#Sec1}
==========

Malaria remains a global health problem with an annual incidence of 214 million cases and 438,000 deaths; more than 88% of the total morbidity is in the WHO Africa region \[[@CR1]--[@CR4]\]. Bednets have been demonstrated to reduce malaria-related morbidity and mortality in sub-Saharan Africa \[[@CR3], [@CR5]--[@CR8]\]. Models suggest that, the proportion of the population who had access to bednets increased from 4 to 67% between 2004 and 2015 in sub-Saharan Africa \[[@CR9]\]. WHO has recommended universal coverage of bednets (defined as 1 bednet per two persons) because of the effectiveness of bednets in malaria prevention \[[@CR10]--[@CR12]\]. Centralized mass distribution campaigns have been the cornerstone of the effort to achieve universal bednet coverage \[[@CR10]\].

In Kilifi, Kenya, bednet coverage was estimated to be less than 6% in the early 1990s \[[@CR13]\]. A randomized controlled trial of bednets was conducted in part of Kilifi in 1993, where bednets were distributed to residents in a defined geographical area representing approximately 30% of the population. Bednet use in other areas remained low. The trial found that bednet use was associated with a 33% reduction in childhood mortality and a 44% reduction in severe malaria morbidity \[[@CR14]\]. In 2005, subsidized nets were made available to children and pregnant women through maternal and child health clinics, and in September 2006, a free bednet distribution campaign by the then Kilifi District Health Management Team increased coverage across Kilifi county from about 0.25 to 0.5 insecticide-treated nets per person \[[@CR15]\]. After the campaigns, bednets continued to be provided to the community through maternal and child health clinics at a cost of 50 Kenyan Shillings (\~ \$0.50). This was the case until January 2009, when a new policy was implemented to offer bednets at government health clinics to pregnant women and children aged \< 5 years free of charge and to the rest of the population for 50 Kenyan Shillings. Bednets were again distributed through mass campaigns in July 2012 and in October 2015 as part of the efforts of achieving universal coverage for people at risk of malaria.

Household possession of bednets is an indicator of the extent to which distribution channels are enhancing coverage. However, use of bednets, rather than possession, is what affords protection and is therefore a more valid predictor of epidemiological impact \[[@CR16], [@CR17]\]. The objective of this analysis was to evaluate trends in ownership and usage of bednets in the context of mass distribution campaigns, and to assess the effect of bednet ownership and usage on the incidence of hospitalized malaria under routine, non-trial conditions.

Methods {#Sec2}
=======

Study area and population {#Sec3}
-------------------------

Kilifi County stretches along 65 km of Kenyan coastline, extends 90 km inland from the coast at the widest point, and covers diverse ecological zones, Fig. [1](#Fig1){ref-type="fig"}. Malaria transmission increases after the long rains from April to June and the short rains from October to November each year, although transmission has been declining \[[@CR15]\]. The county is subdivided into 36 administrative units known as locations. The Kilifi Health and Demographic Surveillance System (KHDSS), a member of the INDEPTH Network of demographic surveillance sites \[[@CR18]\], covers an area of 891 km^2^ comprised of 15 administrative locations, containing 260,000 residents. The KHDSS area has been mapped using Magellan (Magellan Navigation Inc., Santa Clara, CA) and e-Trex (Garmin Ltd., Olathe, KS) Geographic Positioning Systems technology, providing detailed information on topography, footpaths and roads, and human occupation of the area, including the coordinates of all homesteads. Fieldworkers visit every participating household approximately three times a year to monitor births, deaths, and migration events. Kilifi County Hospital (KCH) is located centrally within the county; it provides primary care and serves as the first-level referral centre for the KHDSS area. For each paediatric inpatient admission to KCH, clinical examination, demographic details, laboratory analysis and outcomes are recorded in a central database. Every child admitted to the hospital is investigated with a thick or thin blood smear for microscopy to ascertain *Plasmodium* infection, regardless of presentation.Fig. 1Map of study area. *Left*: location of Kilifi County in Kenya; *middle*: map of Kilifi County showing the boundaries of the KHDSS; *right*: map of the KHDSS showing the location of Kilifi County Hospital

Data collection {#Sec4}
---------------

Data on bednet ownership and usage were collected during eight cross-sectional surveys integrated into the regular KHDSS enumeration in October 2008 -- February 2009, March 2009 -- August 2009, June 2010 -- September 2010, May 2011 -- September 2011, May 2012 -- August 2012, May 2013 -- October 2013, June 2014 -- October 2014, and June 2015 -- November 2015 (Additional file [1](#MOESM1){ref-type="media"}). The population of the KHDSS was the sample. Questionnaires were used to collect individual data on bednet ownership (i.e., was a bednet available for use in an individual's usual sleeping area) and bednet use the night prior to enumeration. The response codes were "Yes", "No" and "Don't Know". One resident was allowed to respond for all other residents of the same homestead.

Additional data on bednet ownership and use, as well as bednet observations, were collected as part of a separate cross-sectional survey, hereafter referred to as the sero-survey, that overlapped with the KHDSS enumeration survey (Additional file [1](#MOESM1){ref-type="media"}). The sero-surveys were conducted in June 2009 -- September 2009, June 2011 -- October 2011, June 2013 -- October 2013, and June 2015 -- October 2015 among randomly selected children aged 0--15 years who were residents of the KHDSS. For each round of the sero-survey, 500 children were selected at random from the KHDSS population register. Questionnaires (administered to the child's parent/guardian) and field worker observations were used to collect individual data on bednet ownership, usage, whether bednet needed treatment with insecticide, number of nets, bednet characteristics (colour, brand and shape) and condition (number of holes and net hanging over the sleeping area).

From the pediatric admissions database, we extracted patient records of KHDSS children \< 5 years admitted at KCH with a positive malaria slide any time during one of the eight KHDSS enumeration rounds. We excluded patients who were not KHDSS residents at the time of admission. We defined clinical malaria as a slide positive for *Plasmodium falciparum (P. falciparum)* parasites \> 2500 parasites per μl \[[@CR19]\]. We defined death related to malaria hospitalization as death that occurred during hospitalization among children with parasitemia and malaria as the discharge diagnosis.

Statistical analysis {#Sec5}
--------------------

The proportions of individuals who owned and slept under a bednet the night prior to the survey were computed. The Z-test was used to test for a statistically significant difference of any two proportions over the eight-survey period. Spearman's rank correlation was used to assess the association between bednet ownership and usage over the eight-survey period. The validity of the data collected during the KHDSS routine enumerations was assessed by comparison with observations collected during the overlapping sero-surveys. We performed a paired analysis on resident response compared to fieldworker observation and used McNemar's test to test the consistency of the responses. The null hypothesis of the McNemar's test was that there was no difference between reported bed net ownership and the observations of bednet ownership. We used Gwet's AC1 statistic to assess the reliability of resident response vs. fieldworker observation of a bednet. Gwet's AC1 (a chance-corrected agreement statistic) was used to quantify the extent of agreement between two paired observation as the surrogate for accuracy \[[@CR20], [@CR21]\]. Benchmarks for the strength of agreement have been constructed for its use to aid in communicability (\< 0.20 poor agreement; 0.21--0.40 fair agreement; 0.41--0.60 moderate agreement; 0.61--0.80, good agreement; 0.81--0.99 very good agreement). Agreement was a measure of concordance between reported bednet ownership/usage and observing bednet i.e., for each paired observation, the proportion of reported and observed bednets classified into the same categories.

We used survival analysis to assess the effectiveness of bednet use in reducing malaria hospitalization over the eight KHDSS survey periods. The child years of observation under each period were computed using survival analysis methods. Age in years was used as the underlying time scale, with entry time defined as the start of each survey period or date of birth or date of in-migration, and exit time as 60 months of age, age at malaria diagnosis or death, or at end of the survey period or outmigration, whichever occurred first. The malaria hospitalization incidence rate was calculated as the number of admissions per 1000 child-years of observation. Two KHDSS surveys overlapped mass bednet distribution campaigns in the study community. To minimize misclassification of the exposure status (i.e., bednet ownership and use) arising from the July 2012 and October 2015 mass bednet distributions, we restricted the analysis to the survey period prior to the distribution campaigns. Given that the hospital malaria episodes were clustered within patients, we allowed for clustering by using a survival analysis with robust standard errors. The robust standard errors were used to account for the clustering effect in the estimation of the standard errors \[[@CR22]\]. The ratio of malaria hospitalization in the non-bednet users to that in the bednet users was expressed as the hazard ratio (HR). With this ratio the overall percentage protective effect ((1 -- HR) × 100) was obtained, which expressed the percent reduction in the overall hospitalization rate as a result of the bednet use. To estimate the number of hospitalizations averted \[[@CR23], [@CR24]\] we applied the hazard ratios obtained to the unexposed group. We adjusted the computed HR for sex, age, survey period and location of residence. Locations within the KHDSS were categorized as proximate (Kilifi Township) or distal (all the other locations except Kilifi Township) depending on the proximity to KCH, Fig. [1](#Fig1){ref-type="fig"}. The eight KHDSS surveys did not collect data on bednet quality, therefore, this was not considered in the analysis. Missing values on any of the variables of interest were excluded from the analysis. Multiple imputation has previously been used on this dataset with no significant difference between complete case analysis and multiple imputation \[[@CR7]\]. A two-sided *P*-value of 0.05 was considered significant.

Data was stored in MySQL, cleaned and analyzed using STATA 13.1 (Stata Corp., College Station, TX, USA). The map was drawn using STATA and the Shapefiles downloaded from an open source website (<https://africaopendata.org/dataset/kenya-counties-shapefile>).

Results {#Sec6}
=======

Trends in bednet ownership and usage {#Sec7}
------------------------------------

We observed 63% and 62% mean bednet ownership and usage, respectively, over the eight-survey period. There was a strong association between reported bednet ownership and usage between 2008 and 2015 (Spearman's rho = 0.9498; *p* \< 0.001). The overall proportion of bednet ownership in 2008 was 58% and in 2015 was 57% prior to the distribution campaign and 91% thereafter, with similar results observed for reported bednet usage (Fig. [2](#Fig2){ref-type="fig"}). Bednet ownership and usage were highest in infants (Fig. [2](#Fig2){ref-type="fig"} & Additional file [2](#MOESM2){ref-type="media"}). Among children \< 5 years, reported bednet ownership in October--December 2008 (i.e. prior to the change in policy to make bednets available free of charge) was 69% and in March--August 2009 was 73% (*p* \< 0.001). An increase was also observed following the mass distribution campaigns in 2012 (62% in May--July 2012 vs 90% in May--October 2013; *p* \< 0.001) and 2015 (68% in June--September 2015 vs 93% in October--November 2015; *p* \< 0.001) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Change in bednet ownership and usage from 2008 to 2015. **a** Bednet ownership, and **b** Bednet use night prior to survey Fig. 3Coverage of bednet ownership in children \< 5 years of age in 8 surveys over time and temporal relationship to bednet distribution policy

Data validation: reported v/s observed bednets {#Sec8}
----------------------------------------------

Parents/guardians of 1986 children 0--15 years of age consented for their child to participate in the sero-survey study. Data on bednet ownership and bednet observation were available for 99% and 84% of these participants, respectively. A bednet was observed for 88% of sero-survey participants who reported owning a bednet in the KHDSS enumeration surveys. Among children \< 5 years, the agreement between reported bednet ownership/use elicited during the KHDSS enumeration survey and the observation of a bednet during the sero-survey was \> 75% (Gwet's AC1 ≥ 0.59) for each of the four periods during which the KHDSS survey and the serosurvey overlapped (Table [1](#Tab1){ref-type="table"} & Additional file [3](#MOESM3){ref-type="media"}). The agreement between KHDSS reported ownership and observation of a bednet in each overlapping period was somewhat lower for older age groups, but was still \> 65% (Table [1](#Tab1){ref-type="table"} & Additional file [3](#MOESM3){ref-type="media"}).Table 1Data validation: reported and observed bednet usage among KHDSS residents by survey period and age categoriesBednet observed in sero-survey among reported bednet users in KHDSSSurvey PeriodAge group \[years\]nProportionAgreement \[95% CI\]Gwet's AC1June -- August 20090--428388.5%75.6% \[70.2, 80.5\]0.595--1531278.0%68.9% \[63.5, 74.0\]0.40Total59583.5%72.1% \[68.3, 75.7\]0.49June -- September 20110--417282.9%77.3% \[70.3, 83.4\]0.605--1519979.8%73.4% \[66.7, 79.4\]0.48Total37181.4%75.2% \[70.5, 79.5\]0.53June -- September 20130--416198.6%89.4% \[83.6,93.7\]0.875--1518891.7%83.0% \[76.8, 88.1\]0.77Total34994.9%86.0% \[81.9,89.4\]0.82June -- October 20150--414992.8%77.2% \[69.6, 83.7\]0.675--1515579.3%67.1% \[59.1, 74.4\]0.37Total30486.9%72.0% \[66.6,77.0\]0.52Overall0--476590.7%79.2% \[76.2, 82.0\]0.685--1585482.6%72.7% \[69.6, 75.7\]0.50*n* number of individuals observed both in the KHDSS enumeration survey and sero-survey i.e. paired observationsProportion = number of individuals for whom bednet was observed in the sero-survey divided by the number of individuals who reported bednet use during the KHDSS enumeration survey*CI* confidence interval

Reported bednet use and malaria hospitalization {#Sec9}
-----------------------------------------------

Among children aged \< 5 years, the overall malaria hospitalization rate was computed per 1000 child years of observation during each of the eight enumeration surveys (Table [2](#Tab2){ref-type="table"}). The incidence of malaria hospitalization per 1000 child-years was 2.91 among children aged \< 5 years who reported using a bednet the night prior to the survey and 4.37 among those who did not (HR = 0.67, 95% CI: 0.52, 0.85), Table [3](#Tab3){ref-type="table"}. The incidence of death related to malaria hospitalization per 1000 child-years was 0.86 among children \< 5 years who reported using a bednet the night prior to the survey and 1.73 among those who did not (HR = 0.45, 95% CI: 0.12, 1.66). In order to avert one case of malaria hospitalization 685 (95% CI: 507, 945) children needed to have used a bednet. When alternative definitions of malaria were used the estimates of the protective effect varied somewhat but were not significantly different from reported in Table [3](#Tab3){ref-type="table"} (Additional file [4](#MOESM4){ref-type="media"}). When the period of observation (i.e., the KHDSS survey period) was lengthened incrementally the protective effect was consistently lower but this was not statistically significant (Additional file [5](#MOESM5){ref-type="media"}).Table 2Rate of malaria hospitalization among children \< 5 years in the KHDSS for each survey periodSurvey periodPerson- yearsMalaria admissions, nRate per 1000 child-years95% CIOctober 2008--February 200916,050301.871.312.67March--August 200915,945432.702.003.64June--September 201011,017605.454.237.01May--September 201113,015473.612.714.81May--July 20129495202.111.363.27May--October 201314,702513.472.644.56June--October 201412,292604.883.796.29June--September 20158056445.464.067.34*n* number of children admitted with malaria, *CI* confidence interval Table 3Incidence of malaria hospitalization & deaths related to malaria hospitalization among children \< 5 years in the KHDSS by patterns of reported bednet ownership and usageOutcomeFactorPerson-yearsMalaria admissions, n^a^Rate per 1000Unadjusted HR^a^ (95% CI^a^)HR^b^ (95% CI^a^)Parasitemia \>2500Bednet owners75,1332242.980.67\
(0.53, 0.85)0.67\
(0.52, 0.87)Bednet non-owners21,558964.45Bednet use last night70,0242042.910.67\
(0.52, 0.85)0.67\
(0.52, 0.86)Bednet non-use23,0981014.37Death related to malaria hospitalizationBednet owners75,08360.800.43\
(0.12, 1.52)0.38\
(0.11, 1.27)Bednet non-owners21,53641.86Bednet use last night69,97960.860.49\
(0.14, 1.75)0.45\
(0.13, 1.55)Bednet non-use23,07541.73^a^ *HR* Hazard Ratio, *CI* confidence interval, ^b^The HR was adjusted for sex, age, location of residence and period of the survey

Discussion {#Sec10}
==========

Malaria remains a major cause of morbidity and mortality, particularly in sub-Saharan Africa. Many countries, including Kenya, have attempted to reduce the burden of malaria through policies and practices that promote bednet ownership and use. We report that bednet ownership and use remained relatively stable over the 8-year period and temporarily increased corresponding to mass distribution campaigns. We found that bednet use was associated with a 33% reduction in the incidence of malaria hospitalization among children \< 5 years.

Pooled data from controlled trials of insecticide treated nets have consistently demonstrated reductions in mortality, morbidity and malaria parasitemia of 17, 50 and 13%, respectively \[[@CR6], [@CR25]\]. Although a number of studies have postulated a causal relationship between bednet use and reductions in childhood morbidity and mortality, there is little data on the protection against malaria hospitalization afforded by bednet use under routine conditions. Our estimate of the protection against malaria hospitalization associated with bednet use is in agreement with a randomized controlled study conducted in the study area that documented a 42% (95% CI; 21, 57) protective efficacy against severe malaria \[[@CR14]\]. It has been estimated that substantial protective community effects of net ownership are observed with coverage ≥ \~ 50% \[[@CR7], [@CR26], [@CR27]\]; in the study area overall bednet ownership/usage was observed to be \> 50% over the 8-year period. Bednet use was also associated with a reduction in deaths related to malaria hospitalization although this was not statistically significant. The number of malaria-related deaths was low; this may reflect local care-seeking and case-management practices rather than bednet use ownership and use.

The protective association of bednet use has been shown to vary by setting, making a multi-faceted approach to malaria control essential \[[@CR28]\]. In our setting, bednet usage was highest among children \< 5 years and women of reproductive age \[[@CR29]\]. This pattern of bednet use has been observed in other areas in Africa \[[@CR30]--[@CR32]\] and likely reflects population sub-groups targeted by net distribution campaigns. Bednet usage among women of reproductive age was 60% in the 2008/2009 KHDSS survey -- similar to the 58% usage reported in a 2007 survey in western Kenya \[[@CR17]\] - and increased to 89% in 2015 following a distribution campaign.

Observing a mounted bednet is considered a more reliable indicator of bednet use than relying solely on self-reported use; however, the time required to do a thorough assessment of the household, along with local customs that typically prohibit strangers from entering the household, can preclude conducting such surveys at scale. In a contemporaneous survey of a randomly selected subset of children under 16 years in the KHDSS, we observed a bednet in 86% of children for whom net ownership was reported as "yes". This suggests that self-reported net-use the night prior to the survey may overestimate actual net use to a small degree in our setting but is a reasonable proxy. The median time lapse between the routine KHDSS enumeration rounds and sero-study interviews was 1 month (IQR: 0.4, 2.5). We considered the time lapse to be reasonable to make a comparison between observed and reported bednet ownership and usage; however, the gap in time may have contributed to the lack of perfect agreement in the data.

Our study has several other limitations. Because we did not require each resident to be present to respond to the questions, data on bednet ownership and usage may have been incorrectly reported. We attempted to minimize this potential misclassification by instructing fieldworkers to interview only residents of the same homestead regarding bednet ownership and usage. Although non-significant, there was a trend toward a reduced protective effect as the period of observation was lengthened 1, 2, and 3 months before and after the KHDSS enumeration period. This suggests that limiting the analysis to the KHDSS enumeration periods was an appropriate choice to minimize misclassification of exposure status that could arise due to variation in bednet use or ownership over time. In this study, we asked about individual bednet ownership -- defined as availability of a bednet for an individual's usual sleeping space -- and bednet use the night prior to enumeration. This limits comparability to studies that report ownership at a household level. While we found good agreement between bednet ownership reported during the KHDSS routine enumerations and bednet observation during the sero-survey, this does not directly validate reported bednet usage estimates. The results on the incidence of malaria hospitalization may be biased and confounded by other unmeasured factors (e.g., variation in housing, urbanization, socio-economic status, mother's education, care-seeking behaviors). Therefore, the estimates obtained could be an overestimation or underestimation of the true incidence. Because we included all bednets, regardless of quality or insecticidal efficacy, we likely underestimated the protection afforded by usage of a high-quality, long-lasting insecticide treated net.

The strengths of the study include use of demographic surveillance data of a sizeable population, the longitudinal nature of the study, which allowed us to evaluate trends in bednet ownership and use over time in association with changes in government policy on provision of bednets and mass distribution campaigns, and the validation of the demographic surveillance data using the sero-survey data. In addition, the diagnostic and laboratory evaluation of children admitted to KCH was the same throughout the study period.

Conclusion {#Sec11}
==========

Bednet use was associated with a 33% reduction in the incidence of malaria hospitalization in children \< 5 years. On longitudinal surveillance, we observed increasing bednet ownership and usage following mass distribution campaigns. A high proportion of people who reported owning a bednet also reported using a bednet, suggesting that efforts to increase net ownership would result in increased net usage. Ownership and usage declined in the years following mass distribution campaigns; to achieve and sustain universal coverage, expansion of continuous distribution channels or other distribution methods should be considered.
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